Migration of smooth muscle cells occurs during tube formation of hollow organs including blood vessels, the airways and the gastrointestinal system. During lung development migration and differentiation of airway smooth muscle (ASM), precursor cells may be orchestrated by autocrine and paracrine factors that promote maturation of airway wall (1) . Addition of ASM cells to the developing airway wall may be a result of both proliferation and cell migration. In the mature lung, autocrine and paracrine production of inflammatory mediators triggers airway wall remodeling involving both smooth muscle hypertrophy and hyperplasia. Increased cell number in muscle bundles may be due to immigration of smooth muscle precursor cells from beyond the muscle or migration of proliferating cells within the muscle bundles. One structural study of biopsies from asthmatic lungs suggests lung myofibroblasts migrate in response to allergen challenge (2) . Myofibroblasts from the lamina propria are proposed to differentiate to smooth muscle-like cells based on increased expression of smooth muscle-restricted contractile proteins. Another source of muscle cells may be circulating CD341 progenitor cells (fibrocytes) that are thought to migrate into airway smooth muscle bundles from the circulation (3) . The latter observation is consistent with recent views of atherogenesis, being due in part to migration of CD341 progenitors into the tunica media of arteries (4) . Migration of myofibroblasts and/or smooth muscle progenitor cells is hypothesized to be part of a response of mesenchymal cells in the lung to injury perpetrated by inflammation (5) .
A central question for studies of airway smooth muscle cell migration is whether tube formation during development, wall thickening, and epithelial-mesenchymal transformation all require smooth muscle cell migration. An argument can be made for cell migration during tube formation based on analogous events in vascular development. Fundamental cellular events are highly conserved during tube formation from Drosophila to humans (6) , but there are few studies directly addressing the phenomenon of ASM migration in vivo during lung development or airway remodeling. Some interesting questions that need to be tested critically are whether differentiated smooth muscle cells migrate in response to cues such as inflammation or lung injury, and whether this recapitulates events that occurred during development (7) . Despite a lack of critical tests of the cell biology of migration in vivo, significant recent progress has been made in mechanistic studies in cultured ASM cells. The review will summarize some of the steps known to be important in cell migration in general and for smooth muscle cell migration in particular. I will summarize evidence defining necessary signaling pathways and effector molecules, and assess the effects of important drugs used in pulmonary medicine.
CELLULAR MECHANISMS OF MIGRATION
Cell migration is initiated or enhanced by activation of receptors that trigger remodeling of the cytoskeleton and reordering of subcellular organelles ( Figure 1 ). Relevant receptors include a wide variety of G protein-coupled receptors (GPCR), receptor tyrosine kinases (RTK), and matrix adhesive proteins, particularly integrins. Actin polymerization is a proximal event that extends the leading edge of a motile cell toward the stimulus ( Figure 1A ). Focal contacts assemble immediately behind the leading edge, thus enhancing attachment of the cell membrane to the extracellular matrix ( Figure 1B ). Myosin motors associated with actin filaments in the body of the cell generate force that moves the cell forward while the cytoskeleton remodels and focal contacts at the rear of the cell detach. All subcellular structures that are tethered by adaptor proteins and motors move along with the remodeling cytoskeleton. Time-lapsed images of cells in culture show that motile cells can be stimulated to move about randomly in the absence of any chemical gradient (chemokinesis), they may follow chemical concentration gradients (chemotaxis), or they may follow paths of varying matrix adhesiveness (haptotaxis). Many studies of cell migration seek to define the signals and signal transduction pathways promoting migration, as well as the cellular machinery that causes movement. Excellent reviews published by members of the Cell Migration Consortium (www.cellmigration.org) have provided the framework for this review. The reader is also referred to a methods study by Goncharova and coworkers for technical details of ASM cell migration methods (8) . Table 1 is a summary of promigratory and antimigratory agents that modify airway smooth muscle cell motility in vitro. Each The leading edge is a site of rapid actin polymerization, depolymerization, and filament branching. Actin nucleating proteins (mDia1, mDia2, VASP) promote filament formation at the plus (barbed) end. G-actin monomers are added by the action of profilin. Actin filaments are severed by gelsolin and depolymerized by cofilin. Actin branching is regulated by small G proteins acting on WAVE, WASP, and proteins of the ARP2/3 complex. The stiffness of the actin gel and traction forces on the matrix are controlled in part myosin II motor proteins that are regulated by activation of multiple kinases (MLCK, PAK, ROCK) and myosin light chain phosphatase (MLCP). Inset B: Within the leading edge are nascent focal contacts (red bars) that form to transiently attach the cell to the matrix. Focal contact components include integrins, adaptor proteins (talin, vinculin, tensin, paxillin), regulatory proteins (Src, CAS, FAK), and proteins controlling myosin II activation (MLCK, PAK, MLCP and ROCK). As the cell migrates, nascent focal contacts mature and move toward the rear of cell. Focal contacts at the rear of the cell (red bars on the left) are disassembled as the cell advances. Disassembly requires the action of multiprotein complexes that depend on microtubules (gray filaments) emanating from the microtubule organizing center (MTOC). Reprinted by permission from Reference 74. Figure 2 . Signaling pathways that regulate actin polymerization and myosin II motors in smooth muscle cell migration. Activation of G protein-coupled receptors (GPCR) and receptor tyrosine kinases (RTK) initiates activation of parallel signaling cascades that culminate in actin filament remodeling, and changes matrix adhesiveness and regulation of myosin II motors that generate traction force. Immediate post-receptor events include activation of trimeric G proteins, Src family tyrosine kinases, phospholipase C (PLC) and PIP2, PI3-kinases (PI3-K), and increased Ca 21 . Multiple small G proteins (RhoA, Rac, Cdc42) and calmodulin (CaM) then activate downstream targets that are shown here in darker shades of red. Some targets are effector proteins that regulate actin polymerization including the formins (mDIA1 and mDIA2), WAVE and WASP, and the ARP2/3 complex. Other targets include members of the MAP kinase family (p38 MAPK and ERK), Rho kinases (ROCK), and p21-activated protein kinases (PAK). The signaling kinases phosphorylate other protein kinases (MAPKAPK, LIMK) or phosphatases (MLCP) to regulate effector proteins (dark blue ovals) that control actin polymerization and traction forces generated by myosin II. Most of the schematic is organized as sets of parallel linear signaling cascades, which is an oversimplification for the sake of clarity. Pathway convergence and crosstalk are known to occur between the pathways shown. Regulation of MLCK is a good example where both positive and negative inputs are integrated to determine the level of myosin II regulatory light chain phosphorylation and traction force. Reprinted by permission from Reference 74.
Cytoskeletal Proteins and the Physics of Cell Motility
agent activates signal transduction cascades that in other cell system are known to cause remodeling of the cytoskeleton, to activate motor proteins, or to alter adhesiveness of the cell to the extracellular matrix. These critical biochemical processes are summarized schematically in Figure 1 . There are many actinassociated proteins that coordinate actin polymerization and depolymerization. Some of the best-defined regulatory proteins are shown in Figure 1A . After receptor activation Ca 21 , phosphatidylinositol 4,5 bis phosphate (PIP2), and small G proteins activate multiple signaling cascades, illustrated in Figure 2 . Plateletderived growth factor (PDGF) is a particularly well-studied example of a promigratory signaling molecule. In vascular smooth muscle (VSM) cells the b isoform of PDGF receptor (PDGFRb) is coupled via phosphatidylinositol 3-kinases (PI3-K) and phospholipase Cg to changes in myoplasmic calcium, hydrolysis of PIP2, and activation of mitogen-activated protein kinases (MAPK) (9) . These signaling intermediates in concert with small G proteins trigger nucleation of F-actin by actin-related protein (ARP) 2/3 complex at the minus end and uncapping of plus ends by dissociation of actin-capping proteins ( Figure 1A) . The formins (mDia 1 and 2) promote extension of new actin filaments acting in concert with profilin. Profilin liberated from membrane phospholipid binding sites in response to increased PIP2 increases nucleotide exchange on G-actin, which increases actin polymerization. mDia1 is activated by RhoA, and mDia2 is activated by Cdc42. Small G proteins also promote filament branching by activating WASP-family verprolin-homologous protein (WAVE) complex and Wiskott-Aldrich syndrome protein (WASP) respectively. WAVE and WASP proteins in turn activate components of the ARP2/3 complex, thus increasing nucleation and F-actin branching. In addition to nucleation and branching, productive actin remodeling also requires filament severing and actin depolymerization. Gelsolin is a severing protein activated by increased myoplasmic Ca 21 concentrations. Gelsolin promotes actin nucleation when PIP2 releases gelsolin from plus ends of F-actin. During migration, filament growth is balanced by filament depolymerization, which is enhanced at the minus end by cofilin. Cofilin serves to limit the length of filaments and to turnover existing filaments. The processes described above act together to produce sufficient force to extend the leading edge of the cell toward the stimulus (10) .
During the initial stages of actin polymerization and lamellipodial extension, nascent focal contacts form between the cell membrane and the extracellular matrix ( Figure 1B ). These structures provide adhesion of lamellipodia to the substrate for propulsion of the cell. At the trailing edge of the cell, mature focal contacts must be disassembled for the cell to release from the matrix and move toward a chemotactic stimulus. This model of focal contacts is based on extensive studies in nonmuscle cells (11, 12) . Some of the components of focal contacts have been described in ASM cells and tissues, including adapter proteins paxillin (13, 14) , vinculin (15) , and talin (13) . Several important regulatory proteins have also been investigated in ASM, including focal adhesion kinase (FAK) (13) (14) (15) and Src (16) (17) (18) . Formation and degradation of focal contacts occurs dynamically during migration, and focal adhesion kinase is a critical regulator of these processes. Multiple signaling kinases associate with focal contacts in nonmuscle and smooth muscle cells, including Src family members, FAK, phosphoinositide-dependent kinase 1 (PDK1), MAPK, and PI3-K. Phosphorylation of focal contact components, including FAK, paxillin, and talin, has been observed during ASM contraction (19, 14) , or after mechanical strain of cultured cells (13) . Aside from two reports of Src phosphorylation and activation during migration (16, 17) , there are few detailed studies of focal contact regulation in migrating ASM cells. Proteolysis of focal contact proteins by metalloproteinases is thought to be necessary for turnover of mature focal contracts at the trailing edge. Several recent studies of migrating ASM cells found that up-regulation of MMPs 1, 2, and 3 correlated with increased migration, and that tissue inhibitors of metalloproteinases (TIMPs) and chemical protease inhibitors reduced migration (20, 21) . The important characteristics of nascent focal contacts at the cell's leading edge include rapid assembly, a sufficient duration to transmit traction forces to the matrix, and then trafficking to the center of the cell. Nascent focal contacts then turnover or mature to become more stable focal contacts. Stable focal contacts at the rear of the cell must eventually disassemble for the cell to move forward. One interesting question is what are the spatial and temporal features of proteins in nascent focal contacts in smooth muscle, and are they sensitive to inflammation, mechanical strain, or the differentiation state of airway smooth muscle cells? Presumably there are many features of the focal contacts similar to those of migrating nonmuscle cells. However, identifying unique protein components (39) Formeterol (29) Forskolin (80) Cilomolast (80) Salmeterol (80) Theophylline ( (83) or signaling processes in airway smooth muscle would be a significant advance that might suggest novel targets for inhibiting airway remodeling. There are two primary sources of force generation necessary for cell migration: actin polymerization promoting protrusion of the leading edge, and enzymatic activity of myosin motors. Myosin motors produce traction forces transmitted to the extracellular matrix through focal contacts. Smooth muscle myosin II is regulated by Ca 21 -calmodulin activation of myosin light chain kinase (MLCK), which phosphorylates the 20-kD regulatory myosin light chains. Ca 21 -independent activation of myosin II might also occur, most likely by RhoA activation of Rho-activated protein kinase (ROCK) and direct phosphorylation of myosin regulatory light chains. ROCK phosphorylation of myosin II has been described in nonmuscle cells (22) , but there is no direct evidence of this event in airway smooth muscle. Although the basic elements of force-generating mechanisms are known to exist in migrating smooth muscle cells, the details of how myosin motors are regulated during migration and how motors respond to the physical nature of the matrix is poorly defined. Polte and coworkers have shown that decreasing matrix stiffness reduces myosin light chain phosphorylation in cultured vascular smooth muscle cells (23) . They also found that inhibiting myosin ATPase with 2,3-butanedione 2-monoxime (BDM) reduced myosin light chain phosphorylation. Conversely, disrupting microtubules with nocodazole increased myosin phosphorylation. One interpretation is that decreased adhesiveness, decreased matrix stiffness, and reduced force from myosin II motors all reduced the prestress on the cytoskeleton. Reduced prestress then inhibited myosin phosphorylation by some undefined biochemical mechanism(s). The results suggest a model for cell migration where myosin II exerts traction force on the matrix, and the matrix in turn modifies phosphorylation and activation of myosin II as a function of matrix stiffness. This begs several interesting questions relevant to airway remodeling. Does inflammation influence migration of smooth muscle cells and myofibroblasts directly through increased contractile tone and thus prestress, and also because the composition and the compliance of the extracellular matrix changes? While there are not direct studies of tone and migration in asthma, work by Parameswaran and colleagues demonstrating promigratory influences of collagen, elastin and laminin on ASM cell migration is consistent with the second hypothesis (16, 24) .
Although actin polymerization and focal contact remodeling have garnered much attention in studies of cell migration, it is clear that microtubules are also remodeled. In nonmigrating cells the microtubule organizing center (MTOC) and the nucleus are centered in the cell (Figure 1) . During migration the nucleus is relocated toward the trailing edge of the cell in part by Cdc42 regulation of myotonic dystrophy kinase-related Cdc42 binding kinase (MRCK) (25) . Nuclear relocation was found to depend on phosphorylation myosin II by MRCK. The necessity for microtubular dynamic instability is suggested by paclitaxel (Taxol) inhibition of VSM cell migration (26) . Paclitaxel stabilizes microtubules and prevents or reduces dynamic instability. Microtubules are thought to be important factors in disassembly of stable focal contacts at the rear of migrating cells, which is necessary for disengagement of the trailing edge from the matrix (27) . There are no studies in ASM directly testing the relevance of microtubular dynamic instability, but there is indirect evidence of a plausible signaling pathway that might promote dynamic instability necessary for cell polarization. Urokinase stimulates both VSM and ASM cell migration (28, 29) . Urokinase induces VSM migration via a pathway including PI3-Kg, Akt, and glycogen synthase kinase 3b (GSK3b) (28) . GSK3b has been linked to microtubule function by interacting with the tumor suppressor adenomatous polyposis coli (APC), which can interact with the plus end of microtubules and regulate cell polarity (30) . Further work on microtubular dynamic instability and its role in ASM cell polarity is required to test this hypothesis.
SIGNALS AND SIGNALING CASCADES Soluble and Solid State Signals
Defining the environmental cues that promote or inhibit motility is a common goal of cell migration studies. There are many promigratory and antimigratory molecules belonging to diverse chemical and functional families including small biogenic amines, peptide growth factors, cytokines, and extracellular matrix components. PDGF was one of the first peptide growth factors used to elicit airway smooth muscle cell migration (31) . In addition to soluble promigratory signals like PDGF, the composition and physical nature of the matrix are likely to exert strong influences on cell migration. An early study by Zhang and colleagues identified the laminin b1 chain as necessary for migration of smooth muscle cells from mouse lung explants (32) . Later studies have shown promigratory effects of collagens, fibronectin, and laminin (16); promigratory effects of matrix metalloproteinase activation; and antimigratory effects of TIMPs and chemical protease inhibitors (20, 21) . There is evidence matrix composition is altered in individuals with asthma and in cultured cells exposed to proinflammatory agents (33, 24) . However, the question of whether matrix composition alters migration in vivo has not been addressed directly. In vitro migration data are consistent with the notion that ASM cell migration will depend on the combined effects of soluble and matrix-bound signals. These signals probably act primarily from the outside, but may also influence integrin activation from the inside, which alters cell adhesiveness to the matrix. Table 1 is a summary of soluble and matrix-associated signals that enhance or inhibit ASM cell migration in vitro. Most of the promigratory compounds are autocrine or paracrine signaling molecules, several of which are produced in the inflamed airways. The effect on cell motility in most cases is chemotactic, but in other studies synergistic chemokinetic effects have been described (34) . Given the very large number of molecules known to mediate cell-cell signaling in the lungs and the recent growing interest in ASM cell migration, this list is likely to grow substantially in the near future. Although the promigratory agents are effective in vitro, it is not known if they all have important effects in vivo. The necessity of particular signaling molecules or signaling pathways can be tested in knockout and transgenic mouse models. This strategy was used to establish the necessity of PDGF and PDGF receptors in pericyte cell migration during blood vessel development (35) . Figure 2 illustrates some of the most commonly studied pathways mediating cell migration in both smooth muscle and nonmuscle cells. It illustrates a central role of pathways modifying the actin cytoskeleton and myosin II motor proteins. The levels of signal transduction are arranged as cascades originating with activation of receptors. Both RTK and GPCR are known to promote cell migration in many cell types. Immediately downstream of receptors there are several critical signaling components including small G proteins (RhoA, Rac, Cdc42), and trimeric Gproteins. Activated G proteins, Ca 21 , and phospholipids such as PIP2 activate lipid kinases, Ca 21 -dependent protein kinases, ROCK, and MAPK (Figure 2) . The protein kinases phosphorylate a variety of substrates, some of which are other protein kinases (e.g., MAPKAP kinase, LIM kinase) or proteins that regulate the ultimate effectors (e.g., WAVE, WASP). The effector proteins in this scheme ultimately regulate two major functions: actin polymerization and activation of motor proteins. Agents that increase the frequency or amplitude of myoplasmic Ca 21 oscillations or increase mean Ca 21 concentration will activate MLCK to phosphorylate myosin II, which generates traction forces that move the cell.
Signaling Cascades

Small G Proteins and ROCK
The small G proteins (Ras, Rho, Rac, Cdc42) are very early elements in signaling pathways that promote cell migration ( Figure  2 ). Both RTKs and GPCRs activate several small G proteins via regulation of guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). There are a few studies of GEFs in VSM cell migration (36, 37) . However, the GEFs and GAPs that regulate small G protein function in ASM cell migration are undefined. In general, activation of small G proteins activates downstream protein kinases that phosphorylate effector proteins regulating actin, microtubule, or intermediate filament function. Rho A activates ROCK in ASM tissues (38) , and the Rho kinase inhibitor Y-27632 blocks ASM cell migration (34, 39) . ROCK phosphorylates the myosin-binding subunit of myosin light chain phosphatase (MLCP), thus reducing phosphatase activity (40) . Rho-ROCK regulation of MLCP is a major mechanism of agonist-induced calcium sensitization of smooth muscle contraction that probably also regulates cell migration. ROCK can also directly phosphorylate myosin light chains in vitro at Ser19, and this has been proposed as a contributor to calcium-independent contraction of smooth muscles (41) . In cultured 3T3 fibroblasts, ROCK directly phosphorylates myosin II in the center of the cells, but not myosin II near the cortex (22) . Myosin II phosphorylation might be regulated somewhat differently in stationary, nonproliferating contractile cells in a smooth muscle bundle compared with isolated, proliferating, migratory cells. It seems possible that ROCK might replace or act together with MLCK when phosphorylating myosin II in a migrating cell. ROCK also regulates actin polymerization by activation of LIM kinase, which phosphorylates cofilin. Activation of LIM kinase will reduce cofilin-mediated actin depolymerization, thus favoring increased F-actin. There are dynamic changes in LIM kinase levels and cofilin expression in vascular smooth muscle during arteriogenesis and experimental inflammation (42, 43) . However, the significance of a ROCK/LIMK/ cofilin signaling cascade in ASM cell migration has not been addressed.
Rac family members (Rac1 and Rac2) are small G proteins known to mediate cell migration in nonmuscle and smooth muscle cells. Rac family members are known to be activated in proliferating ASM smooth muscles (44) . In VSM cells Rac1 and Rac2 mediate PDGF-stimulated migration (45) . Rac2 is induced by cytokines in VSM, interacts with a cytokine-inducible scaffold protein called AIF-1, and overexpression of Rac2 is sufficient to increase cell migration (46) . Rac1 appears to be negatively regulated by the Slit2 axon guidance protein in VSM cells (47) . This suggests the hypothesis that Slit guidance proteins contribute to tube formation in smooth muscle organs in some manner similar to axon guidance in the developing nervous system. Whether this is important in the developing airways, and whether migration of ASM smooth muscle cells or smooth muscle progenitors depend on Rac family activation is unknown. It is also not clear what effector proteins are downstream of Rac or Cdc42 in ASM. In VSM and nonmuscle cells, Rac1 and Rac2 both activate p21-activated protein kinases (PAKs) and WAVE. WAVE regulates the ARP2/3 complex to promote actin polymerization (Figures 1 and 2) . The roles of Rac-and Cdc42-regulated signaling systems remain to be carefully defined in ASM migration, but likely downstream effectors include the p21-activated protein kinases.
PAKs
PAKs are serine/threonine protein kinases activated by small G proteins that phosphorylate targets known to regulate cell migration. Several PAK isoforms (PAKs 1, 2, and 3) are expressed in ASM, and overexpression of a kinase-inactive mutant PAK1 has profound inhibitory effects on both random cell movement and PDGF-stimulated chemotaxis of human ASM cells (48) . Targets of PAK that regulate cell motility include other protein kinases, intermediate filaments, actin-binding proteins, and myosin II. LIM kinase is a well-known substrate of PAK that phosphorylates cofilin (49) . Unphosphorylated cofilin binds actin and promotes actin depolymerization. Phosphorylation of cofilin disrupts binding of cofilin and actin, allowing actin polymerization. PAK directly phosphorylates two other actin binding proteins: cortactin and caldesmon. Actin branching may be regulated by phosphorylation of cortactin in smooth muscle cells (50) . PAK phosphorylation of h-caldesmon activates smooth muscle actomyosin, thus increasing muscle contraction (51, 52) . However, in ASM cells in culture l-caldesmon is the predominant caldesmon isoform expressed. PAK phosphorylation of l-caldesmon is necessary for actin remodeling and migration of Chinese Hamster Ovary cells (53) , but it is not clear if PAK also phosphorylates l-caldesmon in migrating ASM cells. In addition to modifying actin-binding proteins, PAK may regulate activation of actomyosin indirectly or directly. PAK phosphorylation of MLCK inhibits myosin phosphorylation (54) , which would be expected to reduce actomyosin activation and cell migration. In contrast, direct phosphorylation of myosin II by PAK promotes actin remodeling and contraction of endothelial cells (55) . Therefore, one might predict that PAKs would activate actomyosin and perhaps promote ASM cell migration. It is not clear if opposing effects of PAK on smooth muscle actomyosin occur simultaneously, or if one mechanism predominates. Inhibition of ASM migration by kinase-inactive PAK1 is more consistent with PAK inhibiting myosin motor function, reducing actin polymerization and blocking the effects of HSP27 (48) . It is possible that PAK exerts different effects depending on the phenotype of the cell (contractile versus proliferating and migratory), and the nature of the stimulus.
In addition to important effects on the actin cytoskeleton and myosin motor proteins, PAK might also modify microtubule and intermediate filament structure during smooth muscle cell migration. Rac1 activation of PAK might stabilize microtubules by inhibiting Op18, a microtubule destabilizing factor (56) . Intermediate filament stability may be reduced by PAK phosphorylation of vimentin (57, 58) . Although kinase-inactive PAK inhibits ASM smooth muscle cell migration, it is not clear which of the various biochemical targets of PAK are necessary for ASM cell migration. Nor is it clear how PAK enzyme activity and chaperone functions are controlled in space and time to promote coordinated movement. There is little known of the various adapters and regulators of PAK known to contribute to spatial and temporal control in nonmuscle cells (e.g., Nck, PIX, and paxillin kinase linker).
Src Family Tyrosine Kinases
Src family nonreceptor tyrosine kinases and PI3-Kinases are upstream signal transduction elements activated by RTK as well as by GPCR (Figure 2 ). Airway smooth muscle cells express multiple Src family members including Src, Fyn, Lyn, and Yes (59) . Src family members are implicated in ASM migration by reports of phosphorylation of Src during migration, inhibition of migration by PP1 and inhibition of migration by kinase-inactive Src (16, 17, 60) . In pulmonary artery smooth muscle cells Src activity is not necessary for cell attachment, but cell spreading and chemotaxis both depend on Src activity and PI-3 kinase activity (61) . A role for Src and FAK in urokinase-induced migration is suggested by the effect of vanadate (a phosphatase inhibitor) to enhance phosphorylation of focal contact proteins (62). Carlin and coworkers suggested activation of uPAR receptors leads to activation of phosphatases that modify FAK and focal contact proteins resulting in turnover of focal contacts and increased cell motility. Other pathways downstream of Src include the extracellular signal-regulated kinase (ERK) MAPK signaling cascade and its downstream targets (described below). Establishing the substrates for Src family tyrosine kinases is complicated by redundancy in Src signaling. There are multiple Src family members expressed in smooth muscles with similar target phosphorylation sites and probably overlapping sets of substrates. Using only chemical inhibitors to identify Src family functions is prone to error because chemical Src inhibitors are not highly selective for nonreceptor tyrosine kinase family members. In other cell signaling systems cells from single and multiple Src family knockout mice have been used to address this problem (63) . Mammalian expression vectors can also be used in rescue strategies in cell cultures from knockout animals to allow critical hypothesis testing.
PI3-K
PI3-K, like Src family tyrosine kinases, are early signaling components in pathways controlling multiple processes in smooth muscles. ASM proliferation, contraction, and cell motility are all mediated in part by PI3-K activation. Downstream targets include Akt, S6 kinase, ERK, and p38 MAPK cascades. The PI3-K inhibitor LY-294002 reduces migration of ASM cells, and overexpression of active PI3-K enhances migration (64) . Compatible results were obtained in a study in which retinoic acid inhibited PDGF-induced ASM cell migration and inhibited PI3-K signaling (65) . There are currently few details of what aspects of cell attachment, spreading or migration are affected in ASM by PI3-K. Regulation of lamellipodia formation is a likely downstream event that would be consistent with the obligatory role of PI3-K in VSM cell spreading (61, 66) .
MAP Kinases
Several mechanistic studies demonstrate the necessity of MAPKs or chemotaxis of ASM cells. Both chemical protein kinase inhibitors and expression of mutant protein kinases have been used to address the role of ERK and p38 MAPKs in ASM migration. The small molecule inhibitors are quite effective in cell cultures and reasonably selective for the target kinases (67) . There are also effective molecular tools used to express kinaseinactive or constitutively active kinases. Evidence for ERKs regulating ASM migration is limited to antagonism of PDGFinduced migration by MEK1 inhibitors such as PD98059 (31) or U0126 (65) . Despite extensive use of chemical and molecular tools in correlative studies of smooth muscle cell migration, it is not entirely clear how ERK activation promotes smooth muscle cell motility. ERKs might act directly in the short term by phosphorylating targets that enhance remodeling of the actin cytoskeleton including h-caldesmon, l-caldesmon, focal adhesion kinase, and calpain. Phosphorylation of l-caldesmon at MAPK consensus sites is necessary for stress fiber remodeling during fibroblast cell spreading and migration (68) . L-caldesmon is phosphorylated at the same MAPK consensus sites during VSM migration (69) . ERKs might also enhance myosin II activity by phosphorylating and activating MLCK (70) . Although these are all plausible mechanisms, there is relatively little data in ASM on how ERKs might promote cell migration.
In contrast to ERK MAPKs, there is some clear mechanistic insight into how the p38 MAPK cascade regulates ASM cell migration. One of the earliest studies of ASM cell migration established the necessity of a signaling pathway composed of MAP kinase kinase 6b (MKK6), p38 MAPKs, MAP kinase activated protein kinase2 (MAPKAPK), and HSP27 for migration of human ASM cells (31) . This pathway regulates migration of several cell types including endothelial cells, macrophages, and breast cancer cells. In addition to regulating HSP27 and actin remodeling, there is evidence that l-caldesmon might be a substrate for p38 MAPKs in migrating ASM cells (71) . Phosphorylation of l-caldesmon by ERK, p38 MAPK or cyclindependent protein kinases might favor disassembly and turnover of stress fibers and activation of myosin II and therefore promote cell migration.
p38MAPKs are activated in ASM by a variety of stimuli, some of which are promigratory, but others are not (e.g., sodium arsenite). This suggests that p38 MAPK activation is necessary but clearly not the sole pathway activated during migration. As shown in Figure 2 , there are many parallel, redundant signaling pathways regulating cell migration. Furthermore, both p38 MAPK and ERK MAPK pathways control expression of genes coding for proteins that directly or indirectly influence cell migration. For example, expression of matrix proteins and matrix metalloproteinases that influence cell migration depends in part on MAPK activity (72) . Therefore the role of MAPKs in ASM migration and airway wall remodeling might be a function of effects on actin remodeling as well as transcription of genes and translation of proteins regulated by MAPKs in ASM (73) .
MODULATION OF ASM CELL MIGRATION BY DRUGS
If ASM cell migration is a contributing factor to lung pathology then targeting mechanisms that regulate migration is a valid therapeutic option. Defining novel drug targets is frequently cited as an important motivation for investigating basic mechanisms of smooth muscle cell migration. This is certainly true in the literature on VSM cell migration, and there is some reason for optimism. Several important drugs used in cardiovascular medicine reduce atherogenesis and ameliorate the sequelae of vascular injury by inhibiting VSM proliferation and cell migration (74) . The statins and drugs incorporated into vascular stents (rapamycin and taxol) are good examples of agents that inhibit proliferation, reduce cell migration, and effectively inhibit vascular wall thickening (75, 26) . Inhibiting wall thickening is an emerging role of statins for prophylaxis against atherosclerosis. The hypothesis is that long-term low-dose therapy with statins will reduce pathologic vascular wall remodeling, in part by inhibiting VSM migration. The primary therapeutic target is inhibition of cholesterol synthesis, but some benefits may result from inhibiting mevalonate synthesis and isoprenylation reactions that activate small G proteins. Simvastatin also inhibits ASM cell proliferation, possibly by the same mechanism (76) . The small G proteins all participate at multiple steps in cell migration (see Figures 1 and 2 ). Whether such an effect occurs in the airways is an interesting question given the extensive clinical experience with chronic statin therapy in cardiovascular medicine.
Important drugs used in pulmonary medicine also have profound antimigratory effects (Table 1) . b-agonists and other drugs acting via cAMP are antimigratory, as are immunomodulating drugs including glucocorticoids. This raises a number of interesting questions about current asthma therapeutics. In addition to current thinking that corticosteroids and long-acting b-agonists limit matrix synthesis and ASM proliferation, do they act in part by chronically inhibiting smooth muscle or myofibroblast cell migration? The in vitro biochemical data and studies of cell migration summarized in Table 1 are consistent with the hypothesis, but in vivo data critically testing this notion are lacking.
Another question arising from the survey of drugs acting on cell migration in Table 1 is: What are plausible future targets for future drug development? MAPKs, Src family tyrosine kinases, PI-3 kinases, and Rho kinases all emerge as potential targets. There are also some very important regulatory proteins not yet established in ASM cell migration, including PTEN; integrinlinked kinase; the WAVE, WASP, ARP 2/3 proteins; and several known regulators of actin filament remodeling. Of the established signaling pathways in Figure 2 , MAPKs have been targeted for development of drugs to treat asthma because expression of numerous contractile, proinflammatory, and promigratory signaling proteins depend to varying degrees on MAPK signaling (77) . Inhibiting MAPKs inhibits expression of extracellular signals that might trigger cell migration (e.g., PDGF, IL1b, and IL8). MAPK inhibitors might prove to be beneficial by directly inhibiting cell migration and proliferation, and indirectly by inhibiting proinflammatory gene expression. There is some evidence in animal models of asthma consistent with this view (77) , but studies in humans are needed to critically test this strategy.
Rho kinases (ROCK1 and ROCK2) are also interesting targets because Rho kinase inhibitors block VSM and ASM cell migration (34, 39) . The Rho kinase inhibitor Fasudil has been used to antagonize cerebral vasospasm and to treat angina pectoris because it antagonizes smooth muscle contraction. Rho kinase inhibitors are effective in reducing airway hyperreactivity in mouse models of asthma (78, 79) , but there is no direct evidence yet of clinical benefit in humans. Airway hyperreactivity should be antagonized smooth muscle relaxants and remodeling should in principle be reduced by inhibiting proliferation-both are established roles of Rho kinase in ASM. The significance of inhibiting Rho kinases in cell migration in vivo and airway wall remodeling is not yet established. However, Rho kinase inhibitors and other novel protein kinase inhibitors may eventually prove to be beneficial new aspects of asthma therapy. Off-target effects of protein kinase inhibitors are major limitations of these types of drugs, but local delivery of modestly selective inhibitors to the lungs may address this problem somewhat.
CONCLUSIONS
Recent studies of ASM cell migration have defined many important promigratory and antimigratory substances (Table  1) . Some mechanistic detail is available suggesting that these agents act on well-established signaling pathways and effector proteins defined in studies on nonmuscle cell motility (Figures 1  and 2 ). There are, however, important well-known regulators of actin filament remodeling that have not been studied in ASM cell models. There are also few studies identifying novel features of ASM cell migration that might suggest unique targets for new drug development. Further mechanistic studies of cell migration have the potential for identifying such novel targets. While it is likely that cell migration plays an important role in airway development, there is not solid proof that cell migration contributes to airway wall remodeling in asthma. Exactly how hyperplasia of ASM occurs in asthma is unclear. Based on parallels with VSM cell migration and atherosclerosis, ASM cell migration might contribute to hyperplasia. However, it is debatable how much of the increase in muscle mass is due to proliferation and how much is immigration of myofibroblasts, neighboring smooth muscle cells in the bundle, or CD341 cells from the circulation. Defining the relative contributions of resident smooth muscle cells versus immigrating progenitor cells to smooth muscle hyperplasia is an important problem in lung cell biology that is highly relevant to developing new therapeutic approaches to asthma. The increasing use of cell migration as a functional endpoint in lung cell biology indicates many labs are interested in addressing this problem.
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